Infected-cell polypeptide 4 (ICP4) of herpes simplex virus type 1 (HSV-1) is one of five immediate-early proteins synthesized during productive infection (27) . ICP4 is required for the efficient transcription of viral early and late genes (55) and is therefore required for viral growth (12, 17, 42) . ICP4 functions to increase the rates of transcription of viral genes in the context of viral infection (23) and activates gene expression in transient assays (13, 20, 22, 39) and transcription in reconstituted in vitro transcription reactions (24) . In vitro, it has been shown that ICP4 increases the rate of formation of transcription initiation complexes (24) and that it can activate transcription with a relatively simple set of general transcription factors (GTFs) (6, 7) . However, it is not known how ICP4 affects the formation of transcription initiation complexes.
Several studies have shown that transcriptional activators can physically promote the formation of transcription preinitiation complexes (PICs) in vitro by facilitating the recruitment of one or more GTFs to target promoters (2, 11, 34) . The transcription of protein-encoding genes into pre-mRNAs necessitates the formation of a transcription PIC on promoters before elongation by RNA polymerase II (Pol II) can proceed. Therefore, the formation of PICs is a major control point for gene expression. PICs can be formed on promoter templates in vitro from the individual assembly of the GTFs TFIIA, TFIIB, TFIID, TFIIE, TFIIF, TFIIH, and RNA Pol II (3) or from the assembly of preformed complexes containing these factors (30, 33) . In most cases, the recognition of promoters is mediated by TFIID through the binding of the TATA binding protein (TBP) subunit to TATA box elements and/or recognition of non-TATA box cis elements by TBP-associated factors (TAFs) (4, 18, 19, 29, 35, 36, 38, 43, 49, (52) (53) (54) 58) . Once a competent TFIID-promoter complex is formed, then the remainder of PIC components can be assembled.
In an attempt to elucidate the mechanism(s) by which transcription factors help in the formation of PICs, a number of studies have reported that activators can physically interact with GTFs or Pol II-associated factors. In several cases it has been shown that a single activator can interact with more than one GTF or with more than one subunit of a single GTF (21, 26, 44) . The ability of activators to physically interact with GTFs has been suggested to be part of the mechanistic basis that allows them to recruit or stabilize GTFs on promoters or on PIC subcomplexes (10, 11, 34, 51) .
One well-studied activator is the HSV protein VP16, which functions in the viral life cycle to activate viral immediate-early genes (5) . The acidic activation domain of VP16 has been postulated to enhance PIC formation by a number of mechanisms. One mechanism involves interaction with TFIIB (11, 34) . In these studies, VP16 did not facilitate TFIID binding to the TATA box but rather enhanced TFIIB binding to the complex, which in turn promoted greater recruitment of Pol II. Another study reported that VP16 interacts with TFIIA and that this interaction facilitated PIC formation (31, 32) . It has been proposed that ICP4 facilitates PIC formation (24) , but, unlike many activators studied thus far, ICP4 does not require TFIIA or cofactors found in the USA fraction (6, 24) to activate transcription. Therefore, it is likely that ICP4 and VP16 affect the formation of PICs in different ways. In this study, we have used promoters immobilized on a magnetic resin to directly show that ICP4 can physically promote PIC formation and that it does so by enhancing the binding of TFIID to the TATA box.
MATERIALS AND METHODS
Transcription factors and proteins. Human GTFs were extracted from HeLa cell nuclei as described previously (16) . Wild-type (wt) and mutant ICP4 molecules were purified from nuclei of Vero cells infected with wt HSV-1 or HSV-1 mutated in the ICP4 locus as previously described (28, 45) . The viral and cellular sources of the mutant ICP4 molecules n208, d8-10, and X25 have been previously described (15, 48, 57) . Hemagglutinin (HA) epitope-tagged human TFIID (HA-TFIID) was purified from an Hela cell line expressing HA-tagged TBP as described previously (58) . Recombinant Gal4-VP16 expressed in Escherichia coli was purified as described previously (9) .
Construction of promoter plasmids. A PCR fragment containing the HSV-1 glycoprotein C (gC) late gene promoter from nucleotide Ϫ35 to ϩ70 relative to the mRNA start site that contained a BglII restriction site at its 3Ј end was subcloned into the EcoR1 site of pUC18. This subcloned promoter fragment is referred to as gC-wt. The TATA box in the gC-wt fragment was deleted by digestion with restriction enzymes BamH1 and BspE1, which surround the TATA box, followed by filling in with T4 polymerase and religation. This mutation (gC-⌬TA) results in a 12-bp deletion from Ϫ35 to Ϫ26 of the gC promoter. The INR element in gC-wt was mutated by PCR mutagenesis using sense and antisense oligonucleotides each of which contained a SacI restriction site in place of the Ϫ2 to ϩ4 region. The resulting mutant is referred to as gC-⌬INR. The adenovirus E4 promoter fragment containing five DNA binding sites for the GAL4 transcription factor subcloned in pGEM was described previously (34) . This promoter fragment is referred to as G 5 E4T-wt.
Preparation of immobilized promoters. Plasmids containing the HSV-1 gC promoter fragments or the adenovirus E4T promoter fragment were cut with HindIII, and the ends were filled in with Klenow polymerase (New England Biolabs) in the presence of either deoxyadenosine or deoxycytosine-14-biotin derivatives (Gibco-BRL). After biotinylation of the 5Ј end, the gC promoter templates were cut at their 3Ј ends with BglII, whereas the G 5 E4T template was cut with PvuII. The promoter fragments were resolved from the vector fragments by polyacrylamide gel electrophoresis (PAGE). The approximately 200-bp gC and 500-bp G 5 E4T promoter fragments (for a schematic representation, see Fig.  1 ) were excised from the gels, electroeluted, ethanol precipitated, and resolubilized in water. The purified biotinylated promoters were than immobilized on a magnetic resin conjugated with streptavidin according to the manufacturer instructions (Dynal) at 100 fmol of fragment per 25 g of beads. The immobilized promoter templates were kept in Tris-EDTA buffer, pH 7.4, at 4°C for 2 to 3 months.
Assembly of transcription PICs on immobilized promoters. HeLa cell nuclear extract (150 g of total protein as estimated by the Bradford assay) was added to 300 fmol of immobilized promoters, in the presence or absence of purified ICP4 (approximately 900 fmol or 300 ng, as estimated by Coomassie blue staining) in 75 to 300 l of binding buffer (20 mM HEPES [pH 7.9], 10% glycerol, 60 mM KCl, 6 mM MgCl 2 , 1.0 mM dithiothreitol [DTT], 0.1 mM EDTA, 0.01% NP-40). PIC assembly in the absence or presence of Gal4-VP16 was always done in 300-l volumes with approximately 7,200 fmol of Gal4-VP16 (180 ng as estimated by Coomassie blue staining). The samples were then incubated for 90 min at 30°C on a rotating sample mixer (Dynal). After incubation, the immobilized templates were concentrated with a magnetic concentrator (Dynal), resuspended in 0.5 ml of binding buffer containing 0.04% Sarkosyl, reconcentrated, resuspended in 0.5 ml of binding buffer supplemented to 100 mM KCl and 10 mM MgCl 2 , and finally reconcentrated. Proteins bound to gC templates were eluted by suspending the beads in 15 l of New England Biolabs restriction buffer 3 containing 100 U of PstI and 0.01% NP-40 and incubating them at 37°C for 10 min. The supernatant, separated from the beads by magnetic concentration, was mixed with sodium dodecyl sulfate (SDS)-PAGE sample buffer. Complexes bound to G 5 E4T were eluted directly in SDS-PAGE sample buffer. The proteins in the samples were resolved on 4 to 15% polyacrylamide gradient gels (BioRad) and then transferred to polyvinylidene difluoride (PVDF) membranes (Hybond-P; Amersham Life Science) for Western blot analysis.
Binding of immunopurified HA-TFIID to immobilized promoters. Between 2 and 8 l of immunopurified HA-TFIID (4 l corresponds approximately to 10 fmol of HA-TFIID or approximately to 0.5 ng of HA-TBP as estimated by silver staining) was added to 100 fmol of immobilized promoter templates in binding buffer (20 mM HEPES [pH 7.9], 10% glycerol, 60 mM KCl, 6 mM MgCl 2 , 1.0 mM DTT, 0.1 mM EDTA, 0.01% NP-40) containing 0.3 g of bovine serum albumin/l in the presence or absence of 75 to 300 fmol (approximately 25 to 100 ng) of purified wild-type or mutant ICP4 proteins or with 300 to 2,400 fmol of purified Gal4-VP16 protein (approximately 7.5 to 60 ng, as estimated by Coomassie staining) in 300 l of binding buffer (20 mM HEPES [pH 7.9], 10% glycerol, 60 mM KCl, 6 mM MgCl 2 , 1.0 mM DTT, 0.1 mM EDTA, 0.01% NP-40). After incubation at 30°C for 90 min, the samples were washed twice with 0.5 ml of binding buffer. Bound proteins were directly eluted in 20 l of SDS-PAGE sample buffer, resolved on 4 to 15% gradient gels, and transferred to PVDF (Hybond-P) for Western blot analysis.
Western blot analysis. Proteins in SDS-PAGE gels were electrophoretically transferred to PVDF membranes and visualized using the SuperSignal West Pico chemiluminescent substrate as described by the manufacturer (Pierce, Rockford, Ill.). The following primary antibody preparations were used to detect the proteins examined in this study. RNA Pol II was detected using the monoclonal 8WG16 antibody (Babco, Richmond, Calif.), which recognizes the large subunit of RNA Pol II. TFIIB was detected using a rabbit polyclonal antibody (C18; Santa Cruz Biotechnology, Santa Cruz, Calif.). HA-tagged TFIID was detected using either monoclonal antibody 12CA5 (Babco), which recognizes the HA epitope-tagged TBP subunit, or a monoclonal antibody that recognizes the TBP subunit (Babco). The TBP-associated factors (TAFs) hCIF150/hTAF150 and hTAF250 were detected using a rabbit polyclonal antibody (generously provided by S. T. Smale) and a monoclonal antibody that recognizes hTAF250 (6B3; Santa Cruz Biotechnology), respectively. Gal4-VP16 was detected using a monoclonal antibody that recognizes the Gal4 DNA binding domain (RKSC1; Santa Cruz Biotechnology). ICP4 was detected using two different rabbit polyclonal antibodies, N15 (45) and an antibody generously provided by Richard Courtney (The Pennsylvania State University Medical Center, Hershey, Pa.). ICP4 and Gal4-VP16 proteins were revealed with antirabbit and antimouse secondary antibodies conjugated to horseradish peroxidase (Sigma), followed by chemiluminescence. Following a reaction with the primary antibodies, GTFs were detected by incubation with either antimouse of antirabbit secondary antibodies conjugated to biotin followed by incubation of avidin-conjugated horseradish peroxidase complexes (Vector; Vectastain ABC kit) prior to chemiluminescence.
RESULTS

Effect of the ICP4 protein on the formation of transcription
PICs. In order to assess the potential role of ICP4 in PIC formation, we examined the interaction of the GTFs with a promoter template immobilized on a magnetic solid support (1, 11, 34) in the presence and absence of ICP4. This procedure allows the rapid isolation and analysis of nucleoprotein complexes formed on immobilized DNA promoter fragments. To assess the role of ICP4 in PIC formation, we used the HSV-1 gC promoter (Fig. 1A) , which has been shown to be activated by ICP4 both in vivo and in vitro (24) . The only cis-acting elements that affect the level of in vitro transcription of the gC promoter in the presence of ICP4 are a TATA box and an INR element (24) (Fig. 1A) . The immobilized gC promoter template was incubated with HeLa nuclear extract in the absence or presence of purified ICP4. Nucleoprotein complexes formed during the incubation were then purified by sequential magnetic separation and washing. Western blot analysis of the proteins bound to the template showed that in the presence of ICP4 a much greater quantity of Pol II was bound to the promoter than when ICP4 was absent from the reaction ( Fig. 2A ; compare lane 2 with lane 1), suggesting that ICP4 can physically help in the formation of PICs on the gC promoter fragment. The ICP4-mediated increase in Pol II binding was greatly reduced when a gC promoter fragment with a mutated TATA box element was used (Fig. 2A, lane 4) . Shown is the HSV-1 gC promoter from position Ϫ35 to ϩ70 bp relative to the transcription start site (gC wt). Black box, gC TATA box (TATAAATT); hatched box, gC initiator element (CCCTCACTACC). Two PstI sites (p) used to elute protein complexes bound to gC promoter fragments are shown. TATA box-deleted (gC ⌬ TA) and INR-mutated (gC ⌬ INR) versions of gC-wt are also shown, as is the adenovirus E4 promoter [(G)5E4T] with five 5Ј DNA binding sites for the yeast GAL4 transcription factor (gray boxes) and with its TATA box (black box; TATATATA) as described previously (34) . Black circles, added biotin moieties.
The binding of Pol II was less affected when the gC template containing a mutated INR element was used ( Fig. 2A, lane 6) .
The effects of ICP4 on the binding of TFIID and TFIIB were also monitored in the same reactions. Western blot analysis with anti-TBP and anti-TFIIB antibodies showed that the TATA box-dependent increase of Pol II binding observed in the presence of ICP4 was also observed for TBP and TFIIB ( Fig. 2A) . Western blots performed in similar experiments also revealed that another component of TFIID, CIF/TAF150, was also recruited by ICP4 (data not shown). The observed TATA box-dependent increase in the binding of Pol II, TFIID, and TFIIB in the presence of ICP4 strongly suggests that ICP4 can promote the formation of PICs on the promoter.
For comparison the effects of the VP16 activation domain on the formation of PICs was determined using nuclear extract, a purified Gal4-VP16 protein, and an immobilized promoter that contains Gal4 binding sites upstream of the adenovirus E4 TATA box. The results depicted in Fig. 2B are consistent with those previously published (34) and show that the VP16 activation domain promotes Pol II and TFIIB binding with little or no effect on the binding of TFIID. This is different from the effects of ICP4 on the binding of these factors in that ICP4 also promoted the binding of TFIID to the gC promoter.
Effect of ICP4 on the formation of TFIID-gC promoter complexes. The experiments described above suggest that ICP4 facilitates the formation of PICs by directly helping TFIID to bind to the promoter. To examine this possibility more thoroughly, we determined the effects of ICP4 on the binding of purified TFIID using this system. For this purpose, a HA epitope-tagged TFIID (HA-TFIID) was purified to near homogeneity from an HeLa cell line expressing an HA-tagged TBP (58) . Figure 3A depicts a silver-stained SDS-PAGE gel of the TFIID used in these experiments showing TBP and a number of the TAFs known to be associated with TFIID.
In order to assess if the level of HA-TFIID recruitment can be influenced by the amount of ICP4 bound to immobilized gC promoters, we examined the binding capacity of HA-TFIID from a fixed concentration in the absence or presence of increasing concentrations of ICP4. HA-TFIID (10 fmol) was incubated with 100 fmol of immobilized gC promoter in the presence of 75 to 1,200 fmol of purified ICP4 protein (approximately 25 to 400 ng of ICP4) or in the absence of ICP4. Western blot analysis of the proteins bound to the immobilized templates was performed to detect the ICP4 and HA-TFIID complexes (Fig. 3B) . The results of this experiment show that the amount of recruited HA-TFIID increased as a function of increased amounts of bound ICP4. An overexposure from the filter used for this experiment allows the visualization of bound ICP4 protein at the lowest concentration used (Fig. 3B, lane 2 , and data not shown). It is interesting to note that the immobilized promoters became saturated when about three ICP4 molecules were added per template molecule. When additional ICP4 was added, there was no additional increase in the amount of bound TFIID, suggesting that the saturating levels of ICP4 precluded the recruitment of TFIID or that all of the TFIID binding sites were occupied. Interestingly, the same Effect of ICP4 concentration on the binding of HA-TFIID to immobilized gC promoter templates. HA-TFIID (4 l; (approximately 10 fmol) was incubated with 100 fmol of immobilized gC promoter in the presence of 75 to 1,200 fmol of purified ICP4 protein or in the absence of ICP4 in a total volume of 300 l. After incubation at 30°C, nucleoprotein complexes bound to immobilized promoter templates were isolated and analyzed as described in Materials and Methods. (C) Effect of the HA-TFIID concentration on its recruitment to immobilized gC promoter templates in the presence of ICP4. HA-TFIID (from 2 to 8 l) was incubated with 100 fmol of immobilized gC templates in the presence of approximately 300 fmol of ICP4 or in the absence of ICP4 in a total volume of 300 l. gC-bound ICP4, TAF250, TAF150, and HA-TFIID were isolated and analyzed as described in Materials and Methods.
dependence on ICP4 concentration is often seen for activated transcription in vitro, implying a squelching mechanism.
We next examined the binding capacities of various concentrations of HA-TFIID in the absence or presence of a fixed amount of purified ICP4. HA-TFIID (from 2 to 8 l, or approximately 5 to 20 fmol) was incubated with 100 fmol of immobilized gC promoter in the absence or presence of 300 fmol of purified ICP4 (approximately 100 ng of ICP4). The concentration of ICP4 used allowed most of the gC templates to be occupied (Fig. 3B) . The presence of ICP4 and HA-TFIID bound to the gC promoter after elution from the magnetic resin was revealed by Western blot analysis using anti-ICP4, anti-HA (anti-HA-TBP), anti-CIF150/TAF150, and anti-TAF250 antibodies. TAF250 and TAF150 are stable components of TFIID. This experiment shows that gC promoter templates bound with ICP4 (Fig. 3C, lanes 2, 4, and 6 ) contained many more HA-TFIID complexes than templates not bound by ICP4. In addition, the amount of bound TFIID in the sample containing the lowest concentration of TFIID in the presence of ICP4 was considerably greater than the amount of bound TFIID in the sample containing the highest concentration of TFIID in the absence of ICP4 (compare lanes 5 and 2). Thus, the presence of ICP4 allowed more TFIID to bind to the promoter from a solution of lower TFIID concentration. The same effects were observed for the known components of TFIID that do not directly bind to the TATA box.
The previous experiments demonstrated that ICP4 can recruit TFIID to the promoter in the absence of other proteins. The activation domain of VP16 has been reported to recruit TFIID-TFIIA complexes and TFIIB to the promoter. It has not been reported to recruit TFIID on its own. Therefore, it serves as a good factor to contrast ICP4 to in the same experiment. Accordingly, we compared the abilities of ICP4 and Gal4-VP16 (VP16 amino acids 413 to 490) to recruit TFIID to immobilized G 5 E4T promoter fragments. This promoter consists of an adenovirus E4 TATA box and five tandem Gal4 binding sites upstream of the TATA box. HA-TFIID (4 l) was incubated with 100 fmol of immobilized G 5 E4T template in the absence of ICP4 or in the presence of approximately 25 to 100 ng (75 to 300 fmol) of purified ICP4 protein or with approximately 7.5 to 60 ng of purified Gal4-VP16 protein (300 to 2,400 fmol). Bound ICP4, Gal4-VP16, and TFIID were detected by Western blot analysis using ICP4, Gal4, and TBP antibodies, respectively. The results of this experiment show that ICP4 can efficiently recruit TFIID (Fig. 4, lanes 1 to 4) to the G 5 E4T promoter template, as well as to the gC promoter template (Fig. 4, lanes 9 to 13) , while the transcriptional activator Gal4-VP16 was not effective in recruiting TFIID (Fig. 5, lanes 1 and  5 to 8) .
Effect of wt and mutant ICP4 proteins on TFIID recruitment. In order to map the domain(s) of the ICP4 protein responsible for the recruitment of TFIID, we compared the abilities of different ICP4 mutants (Fig. 5A) to that of wt ICP4 to recruit HA-TFIID to immobilized gC promoter templates. HA-TFIID (4 l) was incubated with 100 fmol of immobilized template in the absence of ICP4 or in the presence of 25 to 100 ng (75 to 300 fmol) of purified ICP4 or with the approximate molar equivalent of purified ICP4 mutant proteins. As a control, wt and mutant ICP4 proteins (at the highest concentration used only) were incubated with HA-TFIID and magnetic resin alone. Consistent with the known properties of the ICP4 proteins (15, 47, 48) , all of the ICP4 molecules used in this experiment bound to the immobilized template (Fig. 5) . In addition, all of the proteins tested, with the exception of X25, were able to recruit TFIID to the template. Therefore, the DNA binding property of ICP4 is not sufficient to recruit TFIID. Consistent with this result are our previous observations that X25 is the only ICP4 protein used in this experiment that completely lacks the ability to activate transcription (7, 15, 46, 47) .
Specificity of TFIID-ICP4 promoter interactions. Both ICP4 and TFIID are site-specific DNA binding proteins that will also bind nonspecifically to DNA. The promoter used in these experiments contains a TFIID binding site, the TATA box, but does not contain a recognized ICP4 binding site. It is presumed that the observed binding of ICP4 in these experiments is a function of nonspecific DNA-protein interactions. Therefore, it is important to determine if ICP4 can promote TFIID on the TATA box from where gC transcription is initiated. Accordingly, we conducted an experiment to challenge bound complexes with an excess of nonspecific competitor DNA. Four microliters of HA-TFIID and 100 fmol of immobilized promoter were incubated in the presence and absence of ICP4 (300 fmol) for the indicated times (Fig. 6) . In some of the reactions a 300-fold mass excess (4.5 g) of double-stranded poly(dG-dC) was added at the indicated times.
Following a 30-min incubation, ICP4 greatly enhanced the binding of TFIID (Fig. 6, lanes 1 and 2) . Both TFIID and ICP4 binding was completely competed when the poly(dG-dC) was added for the duration of the 30-min incubation (lane 3). Following a 90-min incubation, ICP4 also enhanced TFIID binding, and there was only a marginal increase in the amount of TFIID bound relative to that for the 30-min incubation (lanes 4 and 5), suggesting that most of the binding occurred in the first 30 min. However, there was only a marginal decrease in the amount of TFIID binding in the presence and absence of ICP4 when the template with the mutated TATA box was used (lanes 6 and 7), suggesting that much of the TFIID binding and recruitment under these condition was not to the TATA box. When the excess poly(dG-dC) was added after a 30-min incubation and incubation was continued for an additional hour, the amounts of bound ICP4 and TFIID declined; however there was a significant enhancement of TFIID binding in the presence of ICP4 (lanes 8 and 9) . This enhancement was not seen under these conditions when the TATA box was mutated (lanes 10 and 11). Taken together, these results demonstrate that ICP4 promotes the formation of TFIID-ICP4 complexes   FIG. 4 . Comparison of the effect of ICP4 and Gal4-VP16 on the recruitment of HA-TFIID to immobilized promoters. HA-TFIID (4 l) was incubated with 100 fmol of immobilized G 5 E4T or gC promoter templates in the presence of 75 to 300 fmol of purified ICP4 (approximately 25 to 100 ng) on in the absence of ICP4 or with 300 to 2,400 fmol of purified Gal4-VP16 (approximately 7.5 to 60 ng) in a total volume of 300 l. As a control for the DNA binding specificity of the Gal4-VP16 protein, this protein (at the highest concentration used only) was incubated with HA-TFIID and immobilized gC promoters (lane 13). After incubation at 30°C, nucleoprotein complexes bound to immobilized promoters were isolated and analyzed as described in Materials and Methods.
on TATA boxes. Therefore, this experiment suggests that ICP4 can recruit TFIID to DNA templates independently of cisacting sites and that some of the recruited complexes require the presence of the TATA box; these complexes are resistant to competitive challenge by a 300-fold mass excess of nonspecific DNA.
DISCUSSION
In order to help understand the mechanism(s) by which the HSV-1 ICP4 protein activates transcription, we have assessed if this protein can physically promote the formation of transcriptional PICs on an immobilized HSV-1 promoter. Promoter elements that were immobilized on magnetic resin were used to assemble and isolate PICs formed from the GTFs present in HeLa nuclear extracts in the absence or presence of purified ICP4 proteins. We show in this study that the ICP4 protein can facilitate the formation of transcription PICs on immobilized gC promoters in a manner that is dependent on the presence of the TATA box. This facilitation appears to involve the recruitment of the TFIID complex to the promoter.
The recruitment of TFIID is particularly interesting since it (37) . Also shown are some of the regions of ICP4 that contribute to various activities, as deduced from genetic and biochemical studies (7, 14, 15, 25, 40, 41, 47, 50, 57) . (B) Effect of wt (KOS), n208, and d8-10 ICP4 proteins on HA-TFIID recruitment. HA-TFIID (4 l) was incubated with 100 fmol of immobilized gC templates in the presence of 75 to 300 fmol (approximately 25 to 75 ng) of purified wt, n208, and d8-10 ICP4 proteins or in the absence of ICP4 in a total volume of 300 l. As a control for nonspecific binding, HA-TFIID and ICP4 (300 fmol only) were incubated with magnetic resin devoid of immobilized promoter (lanes 5, 9, and 13). After incubation at 30°C, nucleoprotein complexes bound to immobilized promoters were isolated and analyzed as described in Materials and Methods. The presence of ICP4 and HA-TFIID was assessed by Western blot analysis with anti-ICP4 (N15) and anti-HA (anti-HA-TBP) antibodies, respectively. (C) Same as panel B, except that wt and X25 ICP4 proteins were used. The anti-ICP4 antibody used in this experiment (provided by Richard Courtney) allows the detection of the X25 protein.
FIG. 6. Effect of the gC TATA box on ICP4-mediated recruitment of HA-TFIID to immobilized gC promoter templates. HA-TFIID (4 l) was incubated with 100 fmol of immobilized wt or TATA box-mutated (⌬TA) gC promoter in the absence or presence of purified ICP4 (300 fmol) and in the absence or presence of poly(dG-dC) (30 ng/l) in a total volume of 150 l. Poly(dG-dC) was added either at time zero (lane 3) or following 30 min of incubation at 30°C (lanes 8 to 11). After incubation at 30°C for 30 min (lanes 1 to 3) or for 90 min (lanes 4 to 11), nucleoprotein complexes bound to immobilized promoters were isolated and analyzed as described in Materials and Methods.
is generally thought that the binding of this factor to the TATA box is part of the initial steps in the formation of PICs. Therefore, it is likely that the recruitment of TFIID may facilitate subsequent steps in complex formation. The recruitment of TFIID is most likely a direct effect since ICP4 was able to recruit purified TFIID to the promoter in the absence of other proteins. This is in contrast to the situation seen for the cytomegalovirus E2 protein, which has been proposed to counteract the effect of the mammalian Dr1 repressor on TBP-promoter interactions (8) .
The effect of ICP4 on PIC formation also differs from that of the VP16 activation domain. The studies with the VP16 activation domain have resulted in two proposed mechanisms. One mechanism appears to involve the recruitment of TFIIB to preformed TFIID-promoter complexes followed by a post-TFIIB recruitment step that is as yet uncharacterized (11, 34, 56) . Another mechanism involves the recruitment of TFIIA-TFIID complexes (31) . Neither of these mechanisms involves the sole recruitment of TFIID to the TATA box. Our experiments examining PIC formation as a function of the VP16 activation domain were performed in parallel with ICP4 and showed that, relative to ICP4, VP16 very poorly, if at all, helped recruit TFIID, despite its ability to recruit TFIIB and RNA Pol II. These studies further suggest that ICP4 intervenes at a very early step in the formation of the transcription initiation complex and that its mechanism of recruitment is fundamentally different from that of other activators such as VP16. It is also important to note that our studies with ICP4 utilize the intact protein isolated from HSV-infected cells undergoing a productive infection. The studies with VP16 (ours included) utilized a chimeric Gal4 construct produced in bacteria. Therefore, it is possible that there are subtle differences between the effects of bona fide VP16 isolated from HSV-infected cells and Gal4-VP16 on the formation of PICs.
Another observation of note in our study is that the facilitation of TFIID binding is a function of amino acid sequences from residues 30 to 274. The ICP4 protein purified from n208 (15)-infected cells contains residues 1 to 774. The X25 mutant was derived from the n208 allele and lacks residues 30 to 274 (47, 48) . X25 binds to DNA but does not repress or activate transcription in vivo or in vitro (7, 25, 47, 48) . Therefore, the DNA binding activity of ICP4 is not sufficient to facilitate TFIID binding. The requirement for residues 30 to 274 is interesting in that these are the residues previously found to be required for ICP4 to form a tripartite complex on DNA with TBP and TFIIB (50) .
The n208 mutant (residues 1 to 774) molecule activates transcription in virus infection (15) , transient assays (14) , and in vitro (7) . However, the magnitude of activation is considerably less than that observed for wt (residues 1 to 1298) ICP4. The carboxy-terminal residues from 775 to 1298 are required for efficient activation and viral growth (7, 15) . These residues are also required for ICP4 to interact with TFIID in solution through interaction with TAF250 (7), a component of TFIID (58) . More recently we have also found that the residues from 774 to 1298 are also involved in the multimerization of ICP4 on DNA (R. Kuddus and N. DeLuca, unpublished data). These later interactions, while not crucial for the recruitment of TFIID in our present studies, may have significant effects on the level of activation by ICP4. This carboxy-terminal region may affect the ability of ICP4 to bind to DNA in a complex mixture of proteins. Consistent with this is the observation that the n208 protein bound less efficiently to the immobilized template than wt ICP4 in the presence of nuclear extract (data not shown). Additionally the carboxy-terminal region of ICP4 may help stabilize PICs. This could occur simply as a manifestation of the interaction between the carboxy terminus of ICP4 and TAF250 and/or possible as yet unknown conformational changes brought on by this interaction. Studies reported by other groups (11, 34, 56) have shown that the Gal4-VP16 activator facilitates another step in PIC function after facilitation of TFIIB assembly. Like the Gal4-VP16 chimera, the ICP4 protein, after its effect on the recruitment of TFIID, may facilitate another step that is necessary to stabilize PIC formation or function. Resolution of this question will require the construction of site-directed mutations in the carboxy-terminal domain and an analysis that separates TFIID interaction activity from activity responsible for multimerization on DNA, as well as an assessment of the activation function of the mutant proteins.
ICP4 can activate the transcription of relatively simple promoters in vitro with a relatively simple set of transcription factors (6) . However, it is a large and structurally complex protein, and it would not be surprising if multiple activities and interactions work in concert to produce the high transcription rates seen in HSV infection, and hence the abundant and rapid synthesis of HSV proteins and virions. This study demonstrates that one activity of ICP4 which is consistent with its role in the activation of transcription is the facilitation of TFIID binding to the TATA box and possibly the recruitment of the remainder of the transcription PIC, as suggested by the increase in TFIIB and Pol II binding.
